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A.NALYSIS OF A LIQUTD-METAL TURBINE-PROPELLEX CYCLE FOR PROPULSION 

OF Low-SPEED NUCLEAR-POWERED AIRCRAFT 

By W i l l i a m  W. Wachtl and Frank E. Rom 

SUMMARY 

An analysis of a nuclear-powered liquid-metal turbine-propeller 
cycle i s  presente3 f o r  a range of engine operating conditions a t  a 
flight bbch number of 0.5 and an a l t i tuae  of 30,000 f ee t .  

The thrus t  per engine-plus-heat-exchanger weight i s  optimized fo r  
minimum airplane gross w e i g h t  fo r  compressor pressure r a t io ,  heat- 
exchanger inlet Mach number, and turbine-inlet temperature for  a range 
of liquia-metal-to-air heat-exchanger effect ive wall tenperatures. 

Airplane gross. weight and reactor heat re lease i s  presented fo r  
typical  values of airplane l i f t -drag  r a t io ,  structure- t o  gross-weight 
r a t i o ,  and sum of reactor, shield, payload, and auxi l iary weight. 

INTRODUCTION 

Analyses are being made a t  the NACA L e w i s  laboratory t o  determine 

Design point studies have been made of various cycles 
the character is t ics  of various aircraf t  propulsion systems u t i l i z ing  
nuclear energy. 
a t  a l t i tudes  of 30,000 and 50,000 feet and f l i g h t  Mach numbers of 0.9 
and 1.5. 
t o  3 .  
metal turbojet  cycles i s  made i n  reference 3.  
study of the liquid-metal turbojet  a t  various a l t i tudes  and f l i g h t  
Mach numbers is  made i n  reference 4. 

The direct-air  turbojet  cycle i s  presented i n  references 1 
A preliminary comparison of the direct-air ,  helium, and l iquid-  

A detailed design point 

The intermediate subsonic speed range i s  considered-ana the l iquid-  
metal turbine-propeller cycle discussed i n  t h i s  report .  
Mach number i s  0.5 and the a l t i tude  is  30,000 fee t .  The assumptions 
and methods of calculation are ,  i n  general, those used i n  reference 4 
t o  calculate the turbojet  cycle. In  t h i s  report ,  compressor pressure 
r a t i o ,  heat -exchanger a i r  - inlet  Mach number, and turbine-inlet  tem- 
perature were optimized for  m a x i m  engine net thrust  per engine-plus- 
heat-exchanger weight (minimum airplane gross weight) f o r  a range of 
heat-exchanger effective w a l l  temperature. 

The f l i g h t  
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SYMBOLS 

The following symbols are used in this report: 

area, sq ft 

specific heat at constant pressure, Btu/(lb) (%) 

drag, lb 

hydraulic diameter of tubes, ft 

thrust, lb 

free flow ratio, flow area divided by frontal area 

acceleration due to gravity, 32.2 ft/sec2 

shaft horsepower 

heat-transfer coefficient, Btu/(sec) (sq ft) (OR) 

thermal conductivity, Btu/(sec) (sq ft) (?R)/(ft) 

lift, lb 

tube length, ft 

Mach number 

total pressure, lb/sq ft 

static pressure, lb/sq ft 

reactor heat-release rate, Btu/sec 

surface area, sq ft 

total temperature, OR 

over-all heat-transfer coefficient, Btu/(sec) (sq ft) (%) 

velocity, ft/sec 

weight, lb 

weight flow, lb/sec 

efficiency 

density, lb/cu ft 
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Subscripts : 

a 

C 

f 

ril G 

g 

tP 
W 
0 

j 

K 

2 

m 

n 

P 

r 

s 

T 

t 

w 

X 

OD 

0 

1 

2 

2 '  

3 

4 

a i r  flow 

c ompr es sor 

f ron ta l  

gearbox 

gross 

j e t  

shield plus reactor plus payload plus auxiliary 

l iqu id  metal 

reactor maximum 

net 

propeller 

reactor 

structure 

engine plus heat exchanger 

turbine 

heat-exchanger effect ive wall 

exchanger 

small stage 

f r ee  stream 

compressor i n l e t  

compressor out le t  

heat-exchanger inlet 

turbine inlet 

turbine out le t  
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A schematic diagram of the liquid-metal turbine-propeller cycle is 
A nuclear reactor is used as the heat source, and a shown in figure 1. 

heat exchanger replaces the standard engine combustion chamber. In 
general, a binary system is considered incorporating a closed liquid-metal 
cycle and an open air cycle; however, the effect of adding an intermediate 
heat exchanger is also investigated. 

The liquid-metal coolant (lithium) is pumped through the reactor 
where it is heated by contact with the walls of the reactor flow passages. 
F r o m  the reactor the liquid-metal flows through the heat exchanger where 
heat is transferred to the air; it is then directed back to the reactor, 
thus completing its cycle. 

The engine air enters the diffuser, is compressed by the compressor, 
and then passes through the heat exchanger taking heat fiom the liquid- 
metal. 
energy to drive the compressor and the propeller. 
thrust is provided by the propeller; however, the energy which remains 
in the hot gas is converted to additional jet thrust by expanding through 
the exhaust nozzle. 

The hot compressed air expands through the turbine, which extracts 
Most of the engine 

ASSUMPTIONS AND METBODS 

The assumptions made for the turbine-propeller cycle along with the 
methods of analysis are given in the following paragraphs. 
used in the analysis for the binary cycle are, in general, those given in 
reference 4; consequently, only a brief mention of them is made where 
additions or variations were necessary. The methoa used to calculate the 
performance of the intermediate heat exchanger for the ternary cycle is 
shown in the appendix. 

The methods 

Engine efficiencies. - The efficiencies assumed for the engine com- 
ponents are as follows: 

Propeller efficiency, qp. . . . . . . . . . . . . . . . . . . . .  0.90 

Diff'user total-pressure ratio, P1/Po. . . . . . . . . . . . . . .  0.98 

Compressor small-stage efficiency, qC,- . . . . . . . . . . . . .  0.88 

Turbine small-stage efficiency, qt,= . . . . . . . . . . . . . .  0.88 
Exhaust-nozzle velocity coefficient (f'ull expansion). . . . . . .  0.97 
Gear efficiency at design condition, 1 1 ~  . . . . . . . . . . . . .  0.94 

SECRET 
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The gearbox ms charged with a constant horsepower loss based on a gear- 
box designed t o  transmit the necessary take-off horsepower developed by 
the engine. 
box efficiency l i s t e d .  
t o  be 0.98. 

This assumption resu l t s  i n  the apparently low value of gear- 
The efficiency of sea-level take-off was assumed 

Engine thrust .  - I n  calculating the engine thrust  per pound of air  
per second from the assumptions previously l i s t e d ,  the heat-exchanger 
pressure drop was obtained from charts presented i n  reference 4 and based 
on material from reference 5. In addition, the tail-pipe pressure r a t i o  
Pq/po was assumed t o  be equal t o  the ran pressure r a t i o  P1/po. Accord- 
ing t o  reference 6, t h i s  assumption gives approximately the optimum division 
of power between the j e t  and the propeller. 
tha t  required t o  drive the compressor i s  delivered through the gearbox to  
the propeller.  
calculated by adding the exhaust j e t  thrust  per pound of a i r  per second t o  
the propeller thrust  per pound of a i r  per second and subtracting the i n l e t  
momentum per pound of a i r  per second: 

The turbine work i n  excess of 

The t o t a l  engine thrust  per pound of ai$ per second was 

Engine weight. - The engine w e i g h t  per pound of air  flow was ca l -  
culated from the following equations based on the component weights of 
current axial-flow engines. The weights were assumed proportional t o  
the number of stages- and the f ronta l  area of the components. The com- 
pressor weight including shaf t  and frame per pound of air  per second is  
assumed t o  be 

- -  - 465 e 4:) 
wa 

The turbine weight including shaf t  and frame per pound of air per second 
i s  assumed t o  be 

W t  - -  - 1313 - & lnf;) 
wa p3 

(3) 

The propeller and gearbox weight were based on a propeller and a gearbox 
designed t o  transmit the necessary take-off horsepower developed by the 
engine. This weight was then charged to  the design point engine. Based 
on a per pound of a i r  per second basis the weight i s  

W 
- -  G+p - 0 . 6 3 3 k )  

wa (4) 
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Heat-exchanger assumptions and weight. - The liquid-metal-to-air heat 
exchanger i s  assumed t o  be of the tubular counterflow type with air flowing 
through the tubes and lithium flowing i n  the spaces between the tubes. 
The tubes were assumed t o  be made of s ta inless  s t e e l  having an in te rna l  
diameter of 0.25 inch and a wall thickness of 0.01 inch. The exchanger 
f r e e  flow r a t i o  (&/Af)x is  assumed t o  be 0.65. 

The exchanger i s  assumed t o  have a constant effect ive wall t e m -  
perature equal t o  the log mean effective wall temperature. The exchanger 
length-diameter r a t i o  2/d and the total-pressure r a t i o  P3/Pz can 
then be computed from charts i n  reference 4 based on material from refer- 
ence 5. 

The exchanger weight (including coolant and headers) per pound of 
a i r  per second is  obtained from the following equation: 

_ -  
- wX = 1.!3(- 1 --)x %‘ 
wa d Wa 

where the constant 1.9 
tube w a l l  thickness, f r e e  flow factor,  and lithium weight. 

is  evaluated f r o m  the exchanger tube diameter, 

Engine thrust  per t o t a l  engine weight. - The engine performance was 
evaluated i n  t h i s  report  by optimizing the thrust  per engine plus heat 
exchanger w e i g h t  F,BT. This factor i s  determined by dividing the 
thrust  per pound of air  per second by the required weight of the engine 
plus heat exchanger per pound of air per second. 

Engine f ron ta l  area.  - The frontal  area of the compressor was ca l -  
culated assuming that  the air  flow corrected t o  sea-level s t a t i c  con- 
di t ions per un i t  f ronta l  area i s  25 pounds per second per square foot .  
The heat-exchanger f ronta l  area was calculated from the air  i n l e t  Mach 
number into the exchanger tubes and the exchanger free flow 
r a t i o  (&/Af>,. The -turbine out le t  area was calculated assuming a 

hub-tip r a t i o  of 0.6 and an a i r  outlet  Mach nuuiber of 0.70. The nozzle 
out le t  area was determined assuming full expansion and a nozzle pres- 
sure r a t i o  equal t o  the ram pressure r a t i o .  
is  then determined by the largest  component. 

The engine f ron ta l  area 

Airplane gross weight. - The airplane gross  weight is  obt.ained 
from the following equation as given i n  reference 4: 
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4 Figure 2 has been prepared from equation (6) for  a value of Ws/Wg 
of 0.35, so that  Wg 
values of WK, Fn/WT, and L/D. Airplane gross weight is determined 

h by multiplying Wg/WK, evaluated a t  the desired value of  Fn/WT and 
L/D, by any assigned value of 

can be conveniently determined f o r  any given 

WK. 

N 
+P 
CD 
0 

4 

Airplane drag and w e i g h t  assumptions. - The airplane design point 
l i f t -drag  r a t i o  including nacelles i s  assumed t o  be 20 for  the f l i g h t  
Mach number of 0.5. 
assumed t o  be 0.35. The symbol WK is defined as the sum of reactor,  
shield assembly, payload, and auxiliary weights (pumps, piping, chemical 
fue l ,  e t c ) .  Airplane performance i n  terms of gross weight 
heat release r a t e  wa, and engine component 
f ron ta l  areas Af (compressor, a i r  heat exchanger, turbine ex i t ,  and 
j e t  nozzle ex i t )  is  presented i n  terms of a r a t i o  t o  

Wg, Q, wa, and Pif 
r a t i o  by any assigned value of 

w a l l  temperatures are a l so  presented as a a c t i o n  of WK. 

The airplane structure-gross-weight r a t i o  i s  

wg, reactor 
Q, t o t a l  engine a i r  flow 

w ~ .  Therefore 
can be obtained by multiplying the  corresponding 

WK. The corresponding reactor maximum 

Reactor heat release. - The required reactor heat re lease was com- 
puted from Wg, L/D, Fn/wa, and heat addition per second t o  each pound 
of air per second through the heat exchanger Q/wa as follows: 

No  heat losses i n  the piping system were considered i n  t h i s  report .  

Reactor maximum w a l l  temperature. - The reactor maximum w a l l  tem- 
perature is computed by making the following assumptions: 
difference between the reactor wall temperature and the liquid-metal 
temperature is constant along the reactor flow passages; (2) the heat- 
exchanger effect ive w a l l  temperature is equal t o  the average of the 
inlet and out le t  coolant temperature; (3) the coolant velocity i s  f ixed 
a t  15 f ee t  per second; (4) the reactor diameter and length a re  2.5 f ee t ;  
(5) the reactor flow passage equivalent diameter is  0.25,inch; and 
( 6 )  the reactor Free flow r a t i o  f i s  0.35. The equation (reference 4) 
fo r  reactor m a x i m  wall temperature based on these assumptions i s  then 

(1) the 
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The reactor maximum w a l l  temperature corresponding to gross weights 
optimized for a range of heat-exchanger effective w a l l  temperatures was 
then determined from equation (8). 

1 

;a & RESULTS AND DISCUSSION 
"u 

The performance of the liquid-metal nuclear-powered turbine-propell er 
cycle is presented by discussing the effect of design variables on engine 
performance, and by discussing the performance of the airplane-engine 
combination in terms of airplane gross weight and reactor heat-release 
rate and total engine air flow. 

* 

Engine Performance 

The net thrust per engine plus heat-exchanger weight of the turbine- 
propeller cycle is optimized for heat-exchanger inlet Mach number, 
compressor pressure ratio, and turbine-inlet temperature for a range of 
heat-exchanger effective w a l l  temperatures. 
an altitude of 30,000 feet and a flight Mach number of 0.5. 
net thrust per pound of air per second, and heat addition per second 
per pound of air per second are shown for the corresponding engine con- 
ditions to specify engine performance completely. 

Results are presented for 
In addition, 

Heat-exchanger inlet Mach number. - The effect of heat-exchanger air 
inlet Mach number on thrust per engine plus heat-exchanger weight is 
illustrated in figure 3. 
effective wall temperature, turbine-inlet temperature, and compressor 
pressure ratio there is a value of inlet Mach.number which gives 
maximum F,/WT. 

For each assumed value of heat-exchanger 

The optimum inlet Mach numbers range f r o m  about 0.12 to 0.15 for 
all the compressor pressure ratios, turbine-inlet temperatures, and 
exchanger w a l l  temperatures considered. At optimum compressor pressure 
ratio and turbine-inlet temperature, the best inlet Mach number is very 
close to 0.12 for the range of exchanger w a l l  temperatures 
investigated. 

Tw 

The corresponding total-pressure ratio across the heat exchanger 
at optimum inlet Mach nmibers is about 0.92 for the range of exchanger 
w a l l  temperatures considered. 
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Optirmrm compressor pressure ratio. - The net thrust per engine-plus- 
heat-exchanger weight for various values of exchanger effective w a l l  
temperature, turbine-inlet temperature, and for optimum inlet Mach num- 
ber is shown as a function of compressor pressure ratio in figure 4.  
The corresponding values of thrust per pound of air per second are also 
shown. The solid lines represent constant turbine-inlet temperature 
and the dashed lines are the envelope curves for maximum Fn/WT at any 
pressure ratio. The figures indicate that the optimum compressor pres- 
sure ratio is about 4 for an effective w a l l  temperature of 120O0 R and 
increases to 12 for a w a l l  temperature of 2000~ R for operation at 
optimum turbine-inlet temperature. 

Optimum turbine-inlet temperature. - For each assumed heat-exchanger 
effective wan temperature T~ and compressor pressure ratio p2/p1, 
there is a value of turbine-inlet temperature 
Fn/WT. As observed in figures 4(a) to 4(e), the optimum T3 is very 
close to Tw. 

T3 which gives maximum 

Heat addition per second per pound of air per second. - The heat 
addition per second per pound of air flow per second through the engine 
is shown in figure 5 as a f’unction of compressor pressure ratio for a 
range of turbine-inlet temperatures. This figure is included to enable 
the calculation of reactor heat -release rates f’rom equation (7) . 

Effect of heat-exchanger effective w a l l  temperature on optimum engine 
performance. - The optimum performance of the engine is summarized in 
figure 6. Maximum thrust per engine-plus-heat-exchanger weight Fn/WT 
is plotted against T,. The corresponding values of Fn/wa, Q/wa, opti- 
compressor pressure ratio 
(T3)opt’ and the difference between the heat-exchanger effective wall 

temperature and optimum turbine-inlet temperature Tw-(T3)opt are also 
shown as a function of 

(Pz/Pl)opt, optimum turbine-inlet temperature 

Tw. 

As previously shown, optimum P2/P1 varies f r o m  4 to 12 for the 
range of Tw given. 

The temperature difference Tw-(B)opt varies f’rom 48O to 87O R 
over the range of Tw given. This temperature difference is small in 
the case of the turbine-propeller cycle because the exchanger weight is 
relatively small compared with the compressor, turbine, gearbox, and 
propeller weights and, consequently, a longer exchanger is desirable to 
obtain higher turbine-inlet temperatures up to the limit where the 
resulting increase in pressure drop and weight causes the thrust per 
engine plus exchanger weight to decrease. 

SECRET 
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Airplane Performance 

The airplane performance i n  terms of minimum gross weight and reactor 
heat re lease was calculated from equations (6) and (7) using the maximum 
values of Fn/WT for several  values of heat-exchanger effect ive wall 
temperatures. Inasmuch as gross weight is minim for  m a x i m  Fn/WT, 
the gross w e i g h t s  shown are minimum for the given values of heat-exchanger 
e f fec t ive  w a l l  temperature. 
the dlfference between the reactor maximum w a l l  temperature and heat- 
exchanger effect ive w a l l  temperature i s  small so that the minimum gross 
weight calculated fo r  each exchanger wall temperature i s  close t o  the 
minimum gross weight fo r  the corresponding reactor maximum w a l l  temperature. 

In the case of the turbine-propeller cycle, 

Minimum reactor heat release occurs a t  somewhat different  values 
of Pz/P1 and T3 than does minimum gross weight. The difference i n  
gross w e i g h t  and reactor heat release fo r  these two cases i s  s l igh t ,  
however, and therefore no attempt was made t o  show airplane gross weight 
fo r  minimum reactor heat re lease ra tes .  

Effect of heat-exchanger effective wall temperature on airplane gross 

w e i g h t .  - The ef fec t  of heat-exchanger effect ive w a l l  temperature on 
airplane gross weight factor  for  optimum engine operating conditions i s  
shown i n  figure 7. 
a t  an increasing r a t e  as the wall temperature i s  reduced. This r a t e  of 
increase becomes quite large when a w a l l  temperature of 12000 R is  
reached. For example, i f  WK i s  selected t o  be 190,000 pounds, the gross 
weight varies from 320,000 pounds a t  a 
a t  120O0 R.  Decreasing WK t o  150,000 pounds a t  a Tw of 1200° R reduces 
the gross weight from 367,000 pounds to  290,000 pounds. 

For a given value of WK, the gross w e i g h t  increases 

Tw of 2000' R t o  367,000 pounds 

Figure 8 shows the r a t i o  of reactor heat release t o  WK plotted 
against heat-exchanger effect ive w a l l  temperature. 
release increases a t  an increasing ra te  wlth a decrease i n  wall 
temperature. This r a t e  of increase becomes quite large fo r  w a l l  tem- 
peratures below 1200' R. 
weight increases quite rapidly i n  the same range. For a value of WK 
of 190,000 pounds, the heat release varies from 33,300 Btu per second 
a t  a Tw of 2000° R to  74,500 Btu per second a t  1200° R. Decreasing 
WK t o  150,000 pounds a t  a T of 1200° R reauces the heat release 
rate from 74,500 t o  59,000 Btu per second. 

The reactor heat 

This i s  t o  be expected inasmuch as the gross 

. 
Effect of heat-exchanger effective wall temperature on t o t a l  engine 

air f l a w  and f ronta l  area. - The r a t i o  of t o t a l  engine a i r  f l o w  t o  WK 
is  shown i n  f igure 9 as a function of heat-exchanger effect ive wall 
temperature. The air flow increases rapidly with decreasing Tw. For 
example, the t o t a l  air flow a t  1200° R i s  f ive  times the value a t  2000° R .  

SECRET 
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Figure 10 was  prepared t o  show the r a t i o  of f ronta l  area t o  
the compressor, heat exchanger, turbine out le t ,  and exhaust-nozzle out le t  
as functions of heat-exchanger effective wall temperature f o r  optimum 
engine operation. The turbine-outlet area i s  la rges t  over the f u l l  range 
of temperature shown. The heat-exchanger f ron ta l  area i s  very low a t  
the high temperature because of the high optixaum pressure r a t i o  
As the temperature 'is reduced, the heat-exchanger frontal area increases 
very rapidly because of the reduction of optimum 

WK of 

P2/P1. 

and approaches P2/P1 
N 

CD 
0 
Ip the turbine e x i t  area a t  a Tw of l20O0 R .  

Effect of WK and heat-exchanger effective w a l l  temperature on 
~ ~ ~~ ~~~~ 

reactor maxirmun wall temperature. - The reactor maximum w a l l  temper- 
a ture  Tm is  shown as a function of WK i n  f igure ll f o r  a range of 
heat-exchanger effective w a l l  temperatures, and fo r  three reactor-to- 
zir heat-exchsger systzas. %is ci;-ve r e l a t e s  mT! t o  Tw so  that 
given 
ures 7 t o  10, the corresponding Tm can be obtained. 

Tw and the opttram airplane performance as determined from f i g -  

The so l id  l i nes  represent the binary lithium-air system, which has 
been generally considered i n  this report, ana show the value of Tm 
required f o r  a given Tw as  % (and consequently Q) increases. 

The dashed l ines  represent two intermediate heat-exchanger systems 

WK 

described i n  the appendix, and show the penalties i n  required 
associated with these systems. 
of current in te res t  (100,000 t o  150,000 l b )  that t h i s  penalty is  smal l  
par t icu lar ly  a t  the higher values of 

It can be seen that i n  the range of 

T,. 

Effect of reactor maximum w a l l  temperature and WK on airplane 

gross weight and reactor heat release rate. - Airplane gross weight i s  
shown as a function of reactor heat release r a t e  i n  figure 1 2  fo r  a 
range of reactor maximum wall temperatures and a range of fo r  the 
binary lithium-air system. 
a t  optimum engine operating conditions. For any values of WK and G, 
the gross weight and heat release a re  found d i rec t ly .  

WK 
This plot  summarizes the airplane performance 

Detailed performance and w e i g h t  breakdown at  several operating 
temperatures fo r  turbine-propeller airplane. - Table I shows airplane 
and engine performance, giving a more detailed listing of component 
weights and operating conditions t h a n  is  shown elsewhere i n  the present 
report .  The table i s  presented f o r  the f l i g h t  condition considered 
previously and f o r  several coxribinations of Tw and T3. 

SECRET 
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SUMMARY OF RESULTS 

An analysis of the nuclear-powered liquid-metal turbine-propeller 
cycle is presented for a raxge of engine operating conditions, an altitude 
of 30,000 feet, and a flight Mmh number of 0.5. 
were obtained f r o m  the investigation: 

The following results 

4 

i 8  

1. For optimum compressor pressure ratio and turbine-inlet tem- 
perature, the optimum heat-exchanger inlet Mach number is very close 
to 0.12 for heat-exchanger effective w a l l  temperatures of 1200° 
t o  200O0 R. 

2. The optimum compressor pressure ratio at optimum turbine-inlet 
temperature varies f r o m  about 4 a t  1200° R heat-exchanger effective 
w a l l  temperature to 12 at 2O0O0 R. 

3. The d5fferexe het.wee~ the heat-exchxiger effective wail tem- 
perature and the optimum turbine-inlet temperature varies from 48O R 
at a heat-exchanger effective wall temperature of 1200° R to 8 4 O  R 
at 2000' R. 

4. Airplane gross weight and reactor heat release rates at the flight 
conditions considered are quite insensitive to heat exchanger effective 
w a l l  temperatures as low as 1200' R. 
plus auxiliary equipment weight of 190,OOO pounds, the airplane gross 
weights and reactor heat release rates required by this cycle ranged 
from about 360,000 pounds and 74,500 Btu per second at a w a l l  temperature 
of 12000 R 
2000' R. 
auxiliary weight, the gross weight and reactor heat release rate 
decrease proportionately. 

For a value of reactor plus shield 

T, to 320,000 pounds and 33,300 Btu per second at 
For lower values of the sum of reactor plus shield plus 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, February, 7, 1952 
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APPENDIX - REACTOR MAXIMUM WALL TEMPERATURE FOR TEIWARY C Y C U  

Two ternary cycles (lithium-lithium-air and lithium-sodium 
hydroxide-air) were considered to  show the i r  effect  on reactor maximum 
wall temperat&e. 
heat-exchanger configuration whkh was assumed t o  be the s G e  f o r  both 
cycles, however, representative increases i n  reactor w a l l  temperature 
were obtained. 

No  attempt was maae t o  optimize the intermediate 

The heat exchanger was considered t o  consist of s t e e l  tubes 0.25 inch 
i n  diameter with 0.01-inch wall thickness. 
t ha t  the f l o w  area between the tubes was equal t o  the flow area i n  the 
tubes. The t o t a l  flow area i n  the exchanger tubes was assumed equal t o  
that of the reactor where the reactor had a f r e e  flow factor  of 0.35, 
and a diameter and length of 2.5 feet .  

The tubes were spaced s o  

Lithium-lithium-air cycle. - The velocity of the lithium i n  the 
reactor axxi on both sides of the exchanger.for this case was assumed 
t o  be 15 feet per second. Consequently, 

and the temperature difference between the primary and secondary lithium 
i s  constant along the exchanger length. This constant AT i s  given by: 

AT=- Q 
us 

where 

(A31 
1 X + 1 - 1 

- OLi primary (hS7,i secondary ' -tube w a l l  
@ 

X i s  tube-wall thickness, and h i s  determined from equation (9) i n  
the t ex t .  

The new reactor wall temperature is  found by adding the AT (equa- 
t i on  (A2)) t o  Tm found by equation (8) i n  the tex t .  

Sodium hydroxide - lithium-air cycle. - The f r ee  flow factor  f o r  
t h i s  reactor was assumed t o  be 0.70. The sodium hydroxiiie velocity w a s  
inaintained a t  15 f e e t  per second i n  t h e  reactor;  consequently, i t s  
velocity i n  the intermediate heat-exchanger tubes i s  30 fee t  per second. 
The secondary coolant (lithium) velocity i s  maintain a t  15 f e e t  per 
second. In  this case 

secondary lithium (pvpcp)pr imar y NaOH f (Pv,A$) (A4 1 
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. 

Therefore the temperature difference between the primary and secondary 
coolant was not constant along the exchanger length. 
temperature difference i s  @veri by: 

The log mean 

AT= Q 'JS - 

where 

1 - -  - -  1 

us (hS)NaOH primary 

and X i s  tube-wall t h i c h e s s .  

The Prandtl number fo r  NaOH is  close to  1 and therefore, the 
following equation 

The last two terms 
i n  equation (A3).  
the AT (equation 
the l i qu ia  coolant 

for  h was used (reference 8) .  

k 
hNaoH = 0.023 - (Re) O g 8  

dt 

i n  equation (A6) axe the same as the last two terms 
The new reactor wall temperature is  found by adding 
(A5)) t o  Tm found by equation (8) i n  the text  where 
properties are  those of NaOH, the reactor f ree  f low 

factor  f i s  0.70, and the coolant flow velocity in the reactor Vr 
i s  15 f e e t  per second. 
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F l i g h t  cond i t ion  
A l t i t x 3 e ,  f t  
F l i g h t  Yach number 
Design p o i n t ,  L/D 

Heat exchacger wall temperatllre, T,, % 
2ptinum t-..rbine-ir.let t empera tme,  T-J, 33 
%ti- colrpressor pressure  r a t i o ,  pZ/p1 

Rea-tor + s h i e l 3  + payloa3 1 a u x i l i a r y  
Airplane s t ruc t l i re  
%gfres 
Heat exchangers 
F'ropeller 4 gear 5ox 
Airplane g rcs s  weight 

Diameter equals  l eng th ,  f t  
Heat r e l e a s e ,  Btu Isec 
Maximdm wall temperature,  Tm, ?. 
Lithium t e q e r a t u r e  i n t o  r e a c t o r ,  OP, 
L i t h i m  t e q e r a t u r e  out of r e a c t o r ,  OR 
L i t h i d  v e l o c i t y  through r e a c t o r ,  f t / s e c  

:ng I ne 
Net thr-xt per eng'lne p l ~ s  exchanger 

weigtit , E/XE 
To ta l  ne t  t h x s t  per air  flow, 

I'~!(E eir) [ sec )  
T o t s 1  engine air flow, l b / s e c  
To ta l  ne t  t h r u s t ,  15 
Zxgire J e t  t k i s t ,  lb 
Trope l l e r  thrust, l b  
F r o p e l l e r  s h a f t  horsepower, Rp 
CompressDr f r o n t a l  area, f t 2  
f i r b i n e  e x i t  area, f t 2  
Zxhaust-nczzle o u t l e t  area, f t 2  

Lithium t enpe ra tu re  i n ,  9 
Lithium t ezpe ra tu re  ou t ,  OR 
Air inlet %ch n o b e r  
Air i n l e t  t enpe ra tu re ,  T2, 39 
A i r  a t l e t  temperature,  %, % 
yeat  a3Aition t o  air  Fer Foun3, a / w a .  
Core frontal area. f t 2  
A i r  t o t a l -p re s s7xe  r a t  i o  ac ross  excharger,  

a e r a t i r g  p c i n t  

n ~ cTonen t  xe igh t s  , lk 

fieactor 

... 

Heat exchapger 

9t . - / lb  a i r  

Pg/l"z 

30,000 
0.5 

20 

1 , 200 
1,152 

4.2 

1PG ,030 
128.800 
25,502 
14,400 
10,50C 

365,200 

2.5 
74,500 
1,237 
1,166 
1,234 

15 

0.375 

78.6 
643 

18,400 

16,600 

69 
80.5 
71.2 

11,750 

16,700 

1,234 
1,166 

'2.12 
687.5 
1 ,152  

115 
74.4 

0.932 

30,009 
0.5 
20 

1,400 
1,342 

6 -25 

9c,, 302 
E ,300 

5 , 3 m  
1c ,9oc 

1c 1r'n 
AV ,A"" 

141,703 

2.5 
51,300 

1,425 
1,376 
1,422 

15 

3.535 

46.5 
367 

17,050 

15,690 
15,780 

38.8 
47 -6 
42 .C 

1,422 
1,376 

3.12 
790.3 
1,342 

140 

7,940 

30.4 

0.930 

30,OCO 
0.5 

20 

1,600 
1 , 5 2 3  
8.30 

190, mc 
L15 , 000 
XI, 42c 

3,759 
9,%C 

330, OOC 

2.5 
41,750 

1,581 
1 ,619  

15 

1,621 

0.675 

68 -3 
243 

16,5SO 
4,312 

15,450 
15,550 

25 .7 
32.4 
28.7 

1,619 
1,581 

3.12 
853 

1,533 

172 
15.9 

0.925 

30,000 
0.5 

20 

2,000 
1,913 

12.4 

190 , 000 
111 , 709 

G,?W 
1,500 
9,600 

319,500 

2.5 
33,300 

2,017 

2,015 
15 

1,985 

c.90 

119.3 
134 

15,980 
2,050 

15,100 
15,200 

14.1 
19.25 
17  .O 

2,015 
1,985 

0.12 
966 

1,913 

24 8 
6 -2  

0.916 
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0 .4  .8 1.2 1 .t: 2 .o 2.4 i.9 
Net t h r u s t  per eogine-plus-exchanger weight, F,/W* 

Figure  2. - Airplane g r o s s  weight f a c t o r  as f u n c t i o n  of n e t  t h r u s t  per engine- 
plus-exchanger weight and a i rp l ane  lift-drag r a t i o .  
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i 
1. n- - i n l e t  

i’mpressor gjjers’ire ratio, ?2,k3 

Figure  5. - Heat add i t ion  per second per pound of air per secsnd as f J n c t i o n  
G f  compresscr pressure r a t i o ,  and t u r b i c e - i n l e t  t e q e r a t u r e .  
33,OCO feet; f l i g h t  Mach nunber, 0.5. 

Altit.;&e 
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Figure 7. - Airplane gross weight factor as function of heat-exchanger effective 
w a l l  temperature. Optimum compressor pressure ratio; optimum heat-exchanger 
inlet Mach number; optimum turbine-inlet temperature; ratio of structure 
weight to gross weight, 0.35; altitude, 30,006 feet; flight Mach number, 0.5. 
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c 

Heat-exchanger effective wall temperature, T,, OR 

Figure 8. - Reactor heat-release factor as function of heat-exchanger 
effective wall temperature. 
optimum turbine-inlet temperature; ratio of structural w e i g h t  to 
gross weight, 0.35; altitude, 30,000 feet; flight Mach.number, 0.5. 

Optimum compressor pressure ratio; 
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1200 1400 1630 1900 2 m  
Heat-exchanger effective w a l l  temperature, Tw, OR 

Figure 9. - Engine air-flow factor as function of heat-exchanger effective wall 
Optimum heat-exchanger inlet Mach number; optimum turbine-inlet temperature. 

temperature; ratio of structurai weight to gross weight, 0.35; altitude, 
30,000 feet; flight Mach number, 0.5. 
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Figure 10. - Engine f ro l l t a l  srea fac to r  a s  f u ! i c t i x  3f heat-exchanger e f f e c t i v e  
w a l l  temperature. 
inlet Mach number; optimum turbine- inlet  temperature; r a t i o  af s t r u c t u r e  
w e i g h t  t o  gross weight, 0.35; a l t i t u5e ,  30,000 feet; f l i g h t  Mach n u h e r ,  0.5. 

Optimum compressor p r e s s i r e  r a t i o ;  optimum heat-exchanger 
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Ternary sodium hydroxide-lithium-air 
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